Strokes cause behavioral deficits with different frequency: motor (80-85% of patients), somatosensory (40-50%), language or aphasia (20-25%), visual (15-20%), attention or neglect (25-30%), and memory (15-25%) ^[@R1]-[@R5]^. Stroke patients generally suffer from more than one deficit, and certain combinations of deficits occur more frequently than others, forming so called syndromes. Traditionally, dozens of syndromes have been reported, and the occurrence of correlated deficits is thought to reflect coupled damage by a vascular insult to cortical regions that are specialized for different domains, e.g. a left middle cerebral artery stroke causes a motor (Broca\'s) aphasia and right hemiparesis for concurrent damage of left inferior frontal cortex and precentral cortex.

However, behavioral work has shown that stroke deficits can be described at the population level by a few behavioral clusters of correlated deficits, with the underlying covariance structure suggesting impairment of distant cortical regions, often in different vascular distribution or even hemispheres ^[@R6]-[@R8]^. Behavioral deficits post-stroke are also associated with robust and consistent (both across subjects and brain regions) patterns of synchronization abnormalities, as measured by functional neuroimaging, that occur in networks of brain regions that are structurally spared by the stroke ^[@R9]-[@R14]^. Finally, the degree of damage to certain white matter tracts leads both to correlation of behavioral deficits ^[@R8]^ and to abnormal cortical synchronization ^[@R15],[@R16]^. Therefore, this work indicates that the behavioral clusters of impairment measured acutely reflect the behavioral output of distributed brain networks that have been functionally affected by focal, stroke-induced structural damage.

In this study we examined the covariance of neurological deficits from acute to chronic stages of recovery in a large cohort of stroke patients to gain insight into the underlying mechanisms of dysfunction. If the correlation of behavioral deficits acutely reflects mainly local structural damage or vascular factors, e.g. edema or metabolic diaschisis, then as these non-neural factors improve in the weeks to months post-stroke, behavioral deficits should become less correlated. For example, a lesion in the dorsal white matter of the right hemisphere underneath the motor cortex may cause acutely both hemiparesis due to structural damage of the corticospinal tract, and hemispatial neglect secondary to edema of white matter fibers of passage. As the edema resolves, we would expect a faster and more significant recovery of neglect that resulting in a decrease in the correlation between motor and attention deficits. If, on the contrary, these clusters represent the behavioral output of a common, abnormal network state, then we expect a similar recovery over time of deficits in domains that belong to the same cluster. The identification of stable behavioral clusters that can be used for behavioral phenotyping would be highly significant for stroke studies of recovery, treatment, and genetics.

Recovery has most often been investigated in a single domain within selected patient groups with similar deficits or stroke topography. However, while the covariance of deficits during recovery has not been directly explored, some studies provide clues as to what might be found. For example, although most spontaneous recovery is thought to occur within the first three months post stroke irrespective of domain ^[@R17]-[@R21]^, several studies have reported that cognitive deficits continue to recover after 3 months post-stroke (eg aphasia: ^[@R22]^; neglect: ^[@R23]^). Large differences between sensory-motor and cognitive domains in the rate of recovery should lead to decreased correlation between sensory-motor and cognitive deficits as recovery proceeds.

Similarly the magnitude of recovery might differ greatly between domains, again leading to less correlated deficits and altering a patient\'s behavioral profile or phenotype. Recent work, however, has suggested a proportional rule according to which patients on average recover about 70% of their acute deficits, although this has been examined only in patients with motor or language deficits ^[@R24]-[@R29]^.

A second goal of this study was to examine which clinical or structural factors affect the degree of recovery or outcome, i.e. the final level of impairment. The influence of different variables on recovery is of considerable clinical interest in light of the growing need for accurate prognosis for treatment and resource planning in an ever more challenging health environment. Current prognostic criteria include level of acute impairment, age, and education. Moreover, some studies have found a correlation between outcome and damage to specific cortical or white matter regions (e.g. ^[@R28],[@R30]-[@R32]^). However, no study has examined the influence of different variables on outcome across domains of function. Here we evaluated the influence of the following variables on recovery and outcome: 1) time post-stroke ^[@R17]-[@R20]^, 2) magnitude of acute deficit ^[@R33]^, 3) number of domains that showed impairment ^[@R34]^ 4) demographic variables (e.g. education, age ^[@R22],[@R35]^), 5) therapy ^[@R36]^, and 6) lesion volume and topography ^[@R37]^.

Results {#S1}
=======

Subjects (n = 172) with a first symptomatic stroke anywhere in the brain and clinical evidence of any neurological impairment were prospectively recruited, with n = 132 meeting post-enrollment inclusion. Subjects were tested approximately two weeks after their stroke (sub-acute, M=13.6 days, SD=4.8), and again at 3 months (M=112.0, SD=16.9) and 12 months (M=392.2, SD=52.4). A neurobehavioral battery and structural (T1/T2, Flair), functional (resting state), diffusion, and perfusion magnetic resonance imaging (MRI) scans were collected at each timepoint. Forty patients were excluded because of an inability to tolerate scans, excessive lacunae, artifacts, prior strokes or unidentifiable strokes. Of the final sample of 132 patients (mean age 54, standard deviation 11, range 19-83; 71 males; 68 left side lesions), 103 returned for a 3-month data point and 88 returned at 1 year (See [figure S1](#SD1){ref-type="supplementary-material"} for enrollment information, [Table S1](#SD1){ref-type="supplementary-material"} for demographics and clinical information).

Lesion volume varied greatly over patients (ranging from 0.03 cm^3^ to 82.97 cm^3^, with a mean volume of 10.15 cm^3^, standard deviation 13.94~\_~cm^3^). [Figure 1](#F1){ref-type="fig"} shows the overlap of lesion topography across patients, with the highest overlap found in white matter and subcortical regions.

Behavioral clusters in recovery {#S2}
-------------------------------

We first examined the pattern of correlation across deficits at each time point (2 weeks, 3 months, and 12 months) by running a principal component analysis (PCA). At 2 weeks, a 3-component solution accounted for 69% of the variance ([Table 1](#T1){ref-type="table"}): with the first component loading on language and spatial/verbal memory impairment; the second component loading on left motor impairment, left visuospatial attention, bilateral non-spatial (i.e. overall accuracy/reaction times) attention, and spatial memory consistent with right hemisphere damage; and, the third component loading on right motor impairment and attention shifting consistent with left hemisphere damage. When the same analysis was run at 3 months and 12 months we obtained the same 3-component structure, which accounted for similar degrees of behavioral variance (65% at 3 months; 62% at 12 months)([Table 1](#T1){ref-type="table"}).

[Figure 2](#F2){ref-type="fig"} displays the correlations between deficits in different domains at 2-weeks and 3-months, with attention and motor deficits coded as contralateral and ipsilateral to the lesion. Initially two clusters are evident: one related to motor and attention impairments, and one related to language and memory impairments. The degree of correlation between language and spatial/verbal memory impairment is similar at the three time points. Interestingly, spatial memory is acutely correlated with both attention and motor impairments, but no longer at 3 or 12 months. At 12 months post stroke the initial cluster that showed correlations between spatial memory, motor and attention is no longer significantly present, suggesting a weakened relationship ([Figure 2](#F2){ref-type="fig"}, see also [Table 1](#T1){ref-type="table"}).

While the results at 2-weeks have been published ^[@R8]^, the new PCA results at 3 and 12 months confirm the presence of a few clusters of correlated behavioral deficits that account for the majority of variability (60-70%). Interestingly, while the presence of a left hemisphere and right hemisphere cluster of impairment had been previously reported by a similar data-driven correlation analysis of the NIHSS ^[@R6],[@R7]^, a widely used impairment scale used in stroke care, the presence of a cognitive cluster that includes language and memory impairment is novel, and suggests that current assessments of impairment with the NIHSS should be integrated with more in-depth examination of language and memory, especially since this seems to be the most consistent over time.

Recovery of behavioral deficits across domains {#S3}
----------------------------------------------

Next, we examined the magnitude and time course of recovery for different deficits. In order to study these recovery variables more precisely we used individual component scores for each domain (motor, language, spatial attention, verbal and spatial memory). In previous work, we have shown that within each domain different deficits are strongly correlated so that one component accounts for the great majority of variability in each domain (60-80%).

Similarly to previous studies, we found that the severity of acute impairment was highly predictive of the degree of behavioral recovery. Patients with more severe acute impairment recovered the most in relative terms, although typically not achieving full recovery. In each domain, the correlation between acute impairment and the change in impairment (chronic minus acute) was high (r∼0.5-0.9) and strongly significant ([Figure 3A](#F3){ref-type="fig"}). In order to study the degree of recovery net of acute impairment, we used a recovery ratio index formed by \[improvement (chronic-acute scores)/acute impairment\]([Figure 3B](#F3){ref-type="fig"}), similarly to ^[@R26]^. The average recovery ratio was similar for language, spatial memory, and attention (0.62, 0.70, 0.70 respectively). Motor recovery was lower, 0.51 (0.58 if the 8 patients with complete hemiparesis were removed) and verbal memory showed even less recovery (0.38) ([Figure 3C](#F3){ref-type="fig"}). None of the differences between domains were significant (F(4,75)=0.316, ns), but this null result may have reflected the variability of a ratio-based measure. When the magnitude of recovery was quantified by the percentage of patients who ended up within a normal range (2 SD of healthy controls), the motor domain showed significantly less recovery than spatial memory and attention (χ^2^(1)=15.73 and χ^2^(1)=9.88 respectively, p\<.05, Bonferroni-corrected for ten comparisons ([Figure 2D](#F2){ref-type="fig"})).

The timecourse of recovery was also similar across domains. To study the time course of recovery in each domain, we divided the sample into patients with or without deficits based on a 2 SD cut-off in healthy subjects. For each domain there was a significant interaction between patients with and without a deficit over time, due to an increase in the performance of the deficit patients within the first three months towards the level of the no-deficit patients ([Figure 4](#F4){ref-type="fig"}). Between 3 mo and 1 yr, only patients with language and motor deficits showed significant improvements, but the magnitude of the improvement was small. The differences between the deficit and no deficit groups remained significant for each of the domains at 1 year post stroke ([Figure 4](#F4){ref-type="fig"}).

The similarity of the recovery curves across behavioral domains was statistically supported by a repeated measures ANOVA on the behavioral factor scores with time (sub-acute, 3 mo, 1 yr) and behavioral domain (language, verbal memory, spatial memory, attention, motor) as factors. The ANOVA identified a main effect of time (p\<0.001), but no interaction between the different domains, indicating that the timecourse and extent of recovery was similar across the whole patient group for the different domains.

Overall these findings show that the rule of proportional recovery identified in motor and language domains in prior work ^[@R25]-[@R27],[@R38]^ generalizes to all domains of function. Not only the magnitude but also the time course of recovery is similar across domains, notably for domains that are traditionally considered to improve at different rates, e.g. motor faster than language. Finally, consistent with the overall higher incidence of motor deficits, complete recovery is less common for motor than attention or spatial memory, even though verbal memory may show the least recovery across domains.

Prediction of behavioral outcome by clinical variables {#S4}
------------------------------------------------------

Analyses were conducted to identify variables that predicted chronic behavior scores. Importantly, all analyses took into account the severity of the sub-acute deficit. For each behavioral domain a regression analysis was conducted in which the dependent measure was the 3 mo behavioral score, and the predictors were lesion size, age, education, therapy and the sub-acute behavioral score (see [Table S4](#SD1){ref-type="supplementary-material"} for the relationships between behavioral variables and demographics). Each domain model was significant (p\<0.001) and explained between 40 and 70%of the variance of the 3 mo scores ([Table 2](#T2){ref-type="table"}, see [Table S3](#SD1){ref-type="supplementary-material"} for 1 year prediction). The sub-acute score was by far the most consistent and strongest predictor in each model (p\<0.001). Additionally, lesion size and education were significant predictors of chronic language scores and lesion size of spatial memory score. Interestingly, age and hours of therapy were not significant in any of the models.

In a second model we examined the effect on outcome of having more than one deficit, and whether the outcome (after correcting for the acute deficit) of one domain was influenced by deficits in the other domains. About 1/3 of our patients had deficits in only one domain, while more than half had deficits in multiple domains ([Figure S2](#SD1){ref-type="supplementary-material"}). The effects of education, age, hours of therapy and lesion size (which correlates with number of deficits, r=0.22, p=0.012) were added as covariates of interest. For each patient, we entered the number of deficits as a moderator variable in a regression analysis that used the sub-acute scores to predict the 3 mo scores. The number of deficits showed a significant negative interaction with attention (t(46)=-2.76, p=0.008) and a marginal negative interaction with spatial memory (t(48)=-1.71, p=0.094), indicating that having multiple deficits negatively influenced the recovery of these functions. There was also a significant main effect of the number of deficits on language (t(48)=-2.52, p=0.015), indicating that the number of deficits negatively influenced the magnitude of the acute and chronic language deficit, but not the recovery of the language deficit. Interestingly, the presence of multiple deficits only affected the cognitive domains. No interaction effects were seen for motor deficits.

A moderation analysis was also done to specifically investigate the interactions of one deficit on the recovery of another. For example, when looking at language recovery by using the sub-acute deficit to predict 3-month outcome, the moderator attention influences the amount of recovery, indicating that lower sub-acute attention scores lead to worse recovery. This analysis shows that there are interactions between language and attention, spatial memory and attention as well as spatial memory and motor (p\<0.05) in both directions i.e. sub-acute language moderates the recovery of attention and sub-acute attention moderates the recovery of language ([Figure 2D](#F2){ref-type="fig"}). Furthermore, language deficits influence the recovery of verbal memory and motor deficits influence the recovery of attention, yet the reverse is not the case ([Figure 2D](#F2){ref-type="fig"}). The cluster of motor, attention and spatial memory deficits that show strong correlations early on ([Figure 2A](#F2){ref-type="fig"}) have moderation effects on each other\'s recovery, slightly changing these relationships over time. The cognitive cluster (language, spatial and verbal memory), does not show these moderation effects on outcome, and stay constant over time ([Figure 2](#F2){ref-type="fig"}).

In summary, across all domains the magnitude of the initial deficit was the best predictor of chronic scores, but education level, number of deficits, and lesion size predicted chronic scores in specific cognitive domains (language, attention, spatial memory). The relationship with years of education in relation to language and spatial memory supports the idea that education can increase the capacity/efficiency of language and working memory networks, resulting in a greater 'reserve' in the face of injury ^[@R39]-[@R42]^.

Prediction of behavioral outcome by lesion topography {#S5}
-----------------------------------------------------

We separately examined the influence of lesion topography on prediction of chronic scores, with sub-acute score, lesion size, age, education, and hours of therapy as covariates. Therefore, the analysis identified the unique contribution of lesion topography to the prediction of chronic behavior. To reduce the dimensionality of the topography variable, a PCA was conducted on lesion locations across all subjects ([Figure S3](#SD1){ref-type="supplementary-material"}). Eleven lesion components explained more than 60% of the variance across all lesions in their original orientation, eight components when all lesions were flipped to the left hemisphere ([Figure S3](#SD1){ref-type="supplementary-material"}). The flipped components were used to predict motor and attention scores, which were coded independently of lesion side as contralesional/ipsilesional. ([Figure S3](#SD1){ref-type="supplementary-material"}).

Prediction of language recovery improved significantly using the 'unflipped' components (P\<0.001, 13% variance explained), with a significant β for components three and seven (Table 3 and [Figure S3](#SD1){ref-type="supplementary-material"}). The regression weights (the β values) were used to create a weighted average of the lesions. The weighted lesion image ([Figure 5](#F5){ref-type="fig"}) shows that better outcomes were predicted with left frontal lesions and worse outcomes with left temporo-parietal-occipital white matter and subcortical lesions. Subcortical lesions ^[@R43],[@R44]^ as well as damage to the temporal cortex and underlying white matter \[Dronkers, 2004\] have previously been linked to worse aphasia. These locations have also been associated with language deficits in classic lesion work on ^[@R45]^. An analysis of the overlap of the lesion with the topography of atlas-based white matter tract shows poor language outcome for damage of the posterior and long segment of the arcuate fasciculus, SLF2, and inferior longitudinal fasciculus, posteriorly ([Figure 5A-B](#F5){ref-type="fig"}).

The models using the flipped lesions significantly improved prediction of motor (P\<0.05 4% variance explained) and attention scores (P\<0.05, 14% variance explained). For motor deficits a significant β was found for the 8^th^ component, with the weighted lesions predicting worse outcomes for patients with damage to the dorsal CST ([Figure 5](#F5){ref-type="fig"}). The white matter pathway analysis showed weaker association with SLF3 and arcuate long segment. Interestingly, isolated damage to cortical motor and sensory regions was associated with good outcome.

For attention deficits a significant β was found for component 4 with the weighted lesions predicting worse recovery for patients with temporo-parietal ^[@R46]-[@R48]^ and occipital white matter ^[@R47]^,, but also superior temporal cortex ^[@R49]^ and inferior frontal gyrus ^[@R47],[@R50]^. The white matter analysis shows overlap with SLF2 and 3 ^[@R51]-[@R53]^ as well as arcuate ^[@R14],[@R51]^.

For memory, no predictive effect of lesion topography on outcome was found, consistent with the poor predictive power of lesion topography on acute memory impairment ^[@R8]^.

Across domains this analysis reveals that classic lesion locations identified in prior lesion-symptom mapping studies do explain behavioral variance at the chronic stage. However the percentage of variance accounted for is relatively small as compared to that explained by the degree of acute impairment. It remains to be seen if functional patterns of abnormal synchronization found at the acute stage ^[@R14]-[@R16],[@R54],[@R55]^ that normalize chronically ^[@R56]^ can additionally contribute to outcome prediction.

A particularly novel and important result is the positive association between white matter damage and poor outcomes for language, attention, and motor ([Figures 5A-B](#F5){ref-type="fig"}). In conjunction with the reported association between white matter damage and presence of multiple acute deficits ^[@R8]^, these findings highlight the importance of white matter damage in brain-behavior relationships, a point that has been ignored both in human work and animal models because of the emphasis on cortical lesions. This is consistent with the findings of Herbet and colleagues ^[@R57]^, who find that plasticity is high after cortical damage, but not after damage to white matter tracts.

Discussion {#S6}
==========

The starting point for this study was the discovery that the majority of variability in stroke deficits across several domains of function can be summarized by a few robust behavioral clusters^[@R8]^. Here we confirm this result, but more importantly show that these clusters represent robust phenotypes during the course of recovery from stroke, especially strongly present for the cognitive components. The description of these clusters, obtained by measuring behavior with an extensive neuropsychological battery designed to capture many of the dissociations reported in single or small case series is of interest to clinical researchers who often use coarser measures of impairment to describe recovery or outcome. We propose that a simplified version of our battery could be used as a sensitive and robust measure of individualized impairment in future population studies of genetics, recovery, and intervention in stroke.

From a theoretical standpoint, maintenance of a simple cluster structure of behavioral deficits all the way to 12 months post-stroke eliminates the possibility that these correlation are related to acute structural or vascular variables related to the ischemia or pressure caused by edema. The proportional recovery and similar time course between language and memory recovery, loading on the first component, and attention and motor recovery, loading on the second and third components, indicates that these clusters represent the behavioral output of a damaged neural system. Surprisingly, despite heterogeneity in lesion location and size, there remains a high degree of similarity in behavioral output across subjects. Previous work has shown that this cluster structure is independent of lesion size and location, but does relate to damage of regions of the white matter that contain multiple fiber tracts^[@R8]^. This damage causes cortical functional disconnection patterns that manifest as network-wide abnormalities of synchronization. Interestingly, focal lesions lead to a low dimensional simplification of neural synchronization patterns with a loss of inter-hemispheric correlation as well as a loss of intra-hemispheric modularity. The normalization of these patterns correlates with recovery of the behavioral deficits ^[@R56]^. These patterns of abnormal synchronization shortly after a stroke are associated with a loss of spatial entropy, i.e. the ability to generate many different neural states ^[@R15]^. Therefore focal lesions induce a simplification of neural states that corresponds to a low dimensionality of behavior.

The similar patterns of recovery across domains indicate the importance of common underlying biological mechanisms irrespective of cognitive domain. A number of different mechanisms have been identified including genetic activation, formation of new synapses and local connections, angiogenesis, synaptic re-weighting, and shifts in cortical maps ^[@R57]^. At the systems level the normalization of abnormal patterns of synchronization in brain networks also has been associated with recovery of function^[@R56]^. The critical period for this spontaneous recovery ends in humans around 90 days, and in rodents around 2 weeks post-stroke ^[@R58],[@R59]^. This spontaneous recovery likely drives a large portion of initial recovery, with a relatively smaller effect of rehabilitation. However, enriched environments, intensive training, and experience may increase neural plasticity and network normalization during these first few months ^[@R60],[@R61]^. Pharmacological therapeutics such as amphetamines or SSRIs may potentially improve or extend the duration of neuroplasticity ^[@R62],[@R63]^. Finally, targeted neurostimulation, through TMS and tDCS, could influence local and distributed mechanisms of recovery ^[@R64],[@R65]^.

In contrast to these common local and systems level mechanisms that account for the similar curves of recovery across domains, we found very specific interactions between behavioral deficits and recovery. For instance, the level of acute visuospatial attention impairment moderates the recovery of language, and vice versa. This indicates some hierarchical relationships between impairments that must be related to their normal or abnormal interactions in terms of brain functional and structural connectivity. It will be quite interesting to further examine these interactions in terms of the underlying brain organization or use these interactions to test the efficacy of rehabilitation methods, e.g. train attention to improve language.

Another important result of this study was the further demonstration of the importance of white matter damage in the pathogenesis of stroke. We recently reported that the most common distribution of stroke damage in a clinically relevant population involves the white matter and basal ganglia ^[@R8]^. We also found that white matter damage, through anatomical disconnection and common patterns of abnormal cortical synchrony ^[@R16]^, correlate with behavioral deficits in a few clusters that are relatively independent of lesion location. Here we show that white matter damage accounts for a significant amount of variance in explaining behavioral recovery of language, attention, and motor impairment. In contrast, damage of specific cortical locations accounts for much less variance. However, the importance of lesion data should not be overestimated. Relatively high accuracy of prediction (∼40-70%) is obtained based on clinical variables alone, among which acute impairment stands out. Notable also is the lack of effect of therapy (measured coarsely as number of hours received both inpatient and outpatient), and the presence of the effect of education on language and spatial memory recovery.

This study has also several limitations. Importantly, we are not tracking either perfusion or functional MRI data that could clarify other possible mechanisms of recovery. We have shown in work previously published ^[@R56],[@R66]^ that cortical regions located in the same vascular distribution of a stroke can show hemodynamic lags in about 30% of patients sub-acutely. Interestingly these lags correlate with decreased blood flow (measured with ASL) and behavior. However, these hemodynamic effects only partially account for recovery, which is much more strongly related to normalization of cortical network synchronization that strongly correlates with decreased perfusion. Other biological processes could be influencing these effects as well as the thus far unexplained similarities and differences in behavioral recovery and future animal and human work is needed to identify and confirm these underlying mechanisms.

Another limitation is that the behavioral battery was a trade-off between completeness and feasibility. Some domains are either coarsely sampled (e.g executive function), while others are not measured at all (e.g. social cognition, emotions, theory of mind). We are currently enrolling a new cohort in which we plan to more accurately test these other domains to allow for a more complete evaluation of recovery within and between the different behavioral domains.

Finally, the current sample, though enrolled in an unselected manner, was younger than the general stroke population. This could influence the amount and speed of recovery, as older patients have been shown to recovery better and faster ^[@R18],[@R19]^, but in our sample we do not fine a relationship between recovery and age. Importantly, we did not assess in this cohort the effect of genetic variants that could well account for possible differences in the degree of recovery, but would not likely affect the structure of behavioral deficits.

In conclusion, we show that a few clusters account for the majority of behavioral deficit variability in stroke, not only acutely but also in the course of recovery. These clusters should be used as phenotypes for behavioral characterization in large-scale studies of stroke. The severity of deficit remains the strongest predictor of behavioral recovery, but damage to specific white matter tracts and lower levels of education decrease recovery in a domain specific manner.

Methods {#S7}
=======

 {#S8}

### Subjects {#S9}

Subjects (n = 172) were prospectively recruited, of whom 132 met post-enrollment inclusion criteria and 103 and 88 subjects returned for the subsequent measurements. [Figure S1](#SD1){ref-type="supplementary-material"} shows the diagram of enrollment (CONSORT) for this study. All studies were approved by the Washington University Institutional Review Board. This cohort was used in a previous study on sub-acute deficits, not including any longitudinal data ^[@R8]^.

#### Inclusion Criteria {#S10}

\(1\) Age 18 or greater. No upper age limit. (2) First symptomatic stroke, ischemic or hemorrhagic. (3) Up to two lacunes, clinically silent, less than 15 mm in size on CT scan. (4) Clinical evidence of motor, language, attention, visual, or memory deficits based on neurological examination. (5) Time of enrollment: \< 2 weeks from stroke onset. (6) Awake, alert, and capable of participating in research.

#### Exclusion criteria {#S11}

\(1\) Previous stroke based on clinical imaging. (2) Multifocal strokes. (3) Inability to maintain wakefulness in the course of testing. (4) Presence of other neurological, psychiatric or medical conditions that preclude active participation in research and/or may alter the interpretation of the behavioral/imaging studies (e.g., dementia, schizophrenia), or limit life expectancy to less than 1 year (e.g., cancer or congestive heart failure class IV). (5) Report of claustrophobia or metal object in body.

A healthy control group (n = 31) was matched with the study sample for age, gender, and years of education. A larger control group (n = 1,209) was selected from a clinical database (n = 6,260) using the same inclusion/exclusion criteria. Stroke patients and controls provided informed consent according to procedures approved by the Washington University Institutional Review Board.

### Behavioral assessment {#S12}

Subjects were tested approximately two weeks after their stroke, and again at 3 months and 12 months post stroke. These time points were selected based on previous observations that most deficits recover within 3 months, while some studies suggest additional recovery up to 1 year. Data was collected twice in the healthy controls, 3 months apart.

A comprehensive battery of 44 behavioral tests across four behavioral domains, language, memory, motor and attention as well as visual perimetry information were collected ([table S2](#SD1){ref-type="supplementary-material"}, and ^[@R8]^). These domains were chosen to represent a wide range of the most commonly identified deficits in people after a stroke. Within each domain a range of measures was chosen to represent the different components of that domain, e.g. auditory comprehension, speech production, reading both at single word and sentence level for language; proximal/distal upper and lower extremity measures of strength, coordination, dexterity, function for motor including, for instance, separate tests for reaching or grasping; spatial as well as verbal memory, including short- and long-term, encoding, recognition, and retrieval; and, spatial and non-spatial aspects of visual attention. The animal naming and backward spatial span measures also measure aspects of executive functioning.

### Lesions {#S13}

Lesions were manually segmented using Analyze biomedical imaging software ([wwww.mayo.edu](http://wwww.mayo.edu)) by inspecting all structural images (MP-RAGE, T2 and FLAIR) in atlas space and distinguishing the lesion from healthy tissue, CSF and surrounding vasogenic edema. Each lesion segmentation was independently checked by two neurologists (Alex Carter, MD and MC), and was manually classified as subcortical, cortical, cortical & subcortical, brainstem or cerebellar.

Analysis {#S14}
--------

### Behavioral data reduction {#S15}

A principal component analysis (PCA) with oblique rotation was applied to the 2 week behavioral data collected in the stroke patients within each of the domains in order to reduce the number of variables to a smaller number of meaningful components ^[@R8]^. Oblique rotation was used, because we did not want to force these components to be orthogonal. Components had to satisfy two criteria: (1) the eigenvalues had to be \> 1; (2) the percentage of variance accounted for had to be \> 10%. This procedure resulted in one component for language, one for motor and two for memory (verbal, spatial). The structure within the attention domain was less clear. After inspection of different results, a three-component solution was chosen. The first component, which included visual field and general attention measures, which encompasses both general attention as well as visuospatial lateralized attention, was used as our attention measure. Therefore, the behavioral recovery analysis was based on five factors: Language, Motor (independent of side), Verbal Memory, Spatial Memory, and Attention.

For motor, a separate PCA analysis was also done in which behavior was coded by left and right limb rather than ipsilesional and contralesional limb, resulting in a two component solution with one factor for left limb deficits and one for right limb deficits. This two factor solution was only used in the following higher order PCA analysis. A higher-order principal component analysis was conducted on the components that resulted from the within-domain analyses, language, verbal memory, spatial memory, the 3 attention components and the left and right limb motor components. Since the correlations between the resulting components were low, and the results were similar for oblique and orthogonal rotations, we choose to use orthogonal rotations, which are easier to interpret.

The distributions of some of the variables were not normal and could not be made normal through transformation. To ensure this is not influencing our results we compared the correlations between the variables using a Pearson\'s correlation and a rank order correlation (Spearman\'s Rho) and we replicated the within domain principal component analyses using rank-order correlation (Spearman\'s Rho), resulting in similar components.

To ensure comparability, the component scores for subsequent time points and for the age matched controls were generated by normalizing these scores based on the sub-acute values and then re-creating the component scores using the weights generated by the principal component analysis on the 2 week scores. Each of the components, at each of the time-points, was z-scored based on the first measurement of the healthy control group. This made the scores meaningful with 0 being healthy (the mean of the controls) and the measured values being in standard deviations away from this mean. This procedure allowed for comparisons across timepoints and behavioral domains.

### Recovery analyses {#S16}

The amount of recovery depends on the initial deficit. To take this into account a recovery ratio was calculated for each patient for each behavioral domain. The recovery ration is calculated by dividing the total recovery (chronic score -- acute score) by the maximum recovery possible (control average -- acute deficit) ([Figure 2B](#F2){ref-type="fig"}). These values were averaged the ratio across patients to determine the recovery ratio for each of the behavioral domains.

Patients with a score 2 standard deviations below the mean of controls were identified as having a deficit, while patients with "no deficit" had scores within 2 standard deviations of healthy controls. For each behavioral factor, we conducted an ANOVA across the three timepoints comparing patients that did vs. did not have a deficit at the sub-acute stage. If the interaction was significant, post-hoc testing was used to test contrasts involving particular timepoints and groups. This analysis tested the hypothesis that recovery in different domains has a similar or different time course, i.e. specifically whether cognitive deficits recover more slowly than sensory motor deficits.

An ANOVA was conducted on the behavior scores in all patients, with the three timepoints and five behavioral domains as independent variables to test our hypothesis that the timecourse of recovery was similar for each of the different behavioral factors. To confirm that the relationship between the different behavioral deficits stayed the same over time, the correlations between the domains for both the acute and 3 month scores as well as change scores were calculated. To further investigate the similarity over time of the relationships between domains, we conducted the higher order principal component analysis on the 3 and 12 months post stroke measurements as well as on the acute timepoint.

### Prediction of chronic behavior {#S17}

Chronic scores were predicted using lesion size, age, education and hours of therapy. A linear regression model with lesion size, age, education and hours of rehabilitation (including physical, occupational, speech) as independent variables was used to predict the 3 or 12 month scores of each of the 5 domains (language, attention, motor, verbal memory and spatial memory). Each patients\' 2 week score for the domain was also included in the model since acute scores have been shown to be excellent predictors of recovery. For each of these predictors the beta weight and its significance in the model was determined to test our hypothesis that different predictors are important for different behavioral variables.

### Effects of multiple deficits {#S18}

We hypothesized that the presence of multiple deficits would negatively influence a patient\'s recovery. To test this hypothesis, a moderation analysis was used to investigate if (after controlling for age, lesion size and education) the presence of more deficits interacted with the amount of recovery. In a moderation analysis the hypothesis that a variable (the moderator) changes the effect of a predictor(s) on outcome is tested as in an interaction. If the moderator effect is significant (i.e. interaction), then the moderator variable affects the amount of recovery between the 2 week and chronic time-point. In patients that had a behavioral score for each of the domains (language, spatial memory, verbal memory, visual field attention and motor; N=43), the number of deficits was added as a moderator variable in the regression analysis, allowing us to test the hypothesis that having multiple deficits decreases the amount of recovery.

### Lesion analysis {#S19}

To provide low-dimensional information about lesion location for deficit recovery models we conducted a PCA on lesion locations across all subjects ^[@R8]^. This was done for all lesions in their respective hemisphere for the prediction of behavioral domains that are scored independent of lesionside (aphasia, verbal and spatial memory) and for all lesions flipped to the left for the behavioral measures that were scored based on lesion side (attention and motor). The loadings on each of the included components for each subject were added to the prediction model that included age, lesionsize, education, therapy and the 2 week score. The number of components was limited to the number of components that explained more than 60% of the variance. If the addition of these components to the model was significant, this suggests that the lesion location is important in the prediction of the outcome for that behavioral domain. For the domains in which the addition was significant the beta values for each lesion component were used to create a weighted image of the components to visualize the lesion locations of importance.

### Data availability {#S20}

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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![Lesion Anatomy. Lesion overlap of the sample of 132 stroke patients. The maximum overlap is 28 lesions and can be seen in sub-cortical white matter and basal ganglia regions.](nihms837155f1){#F1}

![Behavioral clusters. The correlations between the domains at 2 weeks (A), 3 months (B) and 1 year (C) and the moderation of an 2 week deficit on the outcome of another at 3 months (D). P\<0.05, Bonferroni corrected.](nihms837155f2){#F2}

![Magnitude of recovery. The correlations between acute and change scores (A) are high. The recovery ratio is calculated as change/total possible recovery (B) for each subject and averaged (C). A different measure of recovery is the number of patients with a deficit that recover to normal levels by 1 year (D). Lan: Language (N=96), V Mem: Verbal Memory(N=76), S Mem: Spatial Memory(N=76), Att: Attention (N=79), Motor (N=89).](nihms837155f3){#F3}

![Time course of recovery. The recovery over the three timepoints is depicted for patients that did and did not have a deficit 2 weeks post stroke. Interactions between the two groups over time are significant for each domain (Lan: N=82, Mem: N=61, Att: N=66, Motor: N=69).](nihms837155f4){#F4}

![Behavior prediction based on lesion topography. Weighted maps of the top 60% lesion PC maps that significantly improve the prediction of chronic behavior above and beyond using age, lesion size, therapy, education and the acute score (a). The overlap of white matter tracts with the components (b).](nihms837155f5){#F5}

###### 

Higher order PCAs for the different measurement timepoints.

  2 weeks                   Variance expl: 69%   3 Months   Variance expl: 65%   1 year                    Variance expl: 62%                                                          
  ------------------------- -------------------- ---------- -------------------- ------------------------- -------------------- ------- ------ ------------------------- ------ ------ -------
                            Component                       Component                                      Component                                                                   
  1                         2                    3          1                    2                         3                    1       2      3                                       
  Language                  .880                                                 Language                  .901                                Language                  .897          
  Memory: verbal            .892                                                 Memory: verbal            .859                                Memory: verbal            .559          .505
  Memory: spatial           .583                 .528                            Memory: spatial           .697                                Memory: spatial           .768          
  Motor: left limb                               .773                            Motor: left limb                               .825           Motor: left limb                 .726   
  Motor: right limb                                         .849                 Motor: right limb                                      .855   Motor: right limb                       .722
  Attention: visual field                        .841                            Attention: visual field                        .743           Attention: visual field          .648   
  Attention: shifting                                       .693                 Attention: shifting                            -.326   .456   Attention: shifting                     .700
  Attention: average                             .636       .308                 Attention: average                             .644    .490   Attention: average               .745   -.326

###### 

Prediction of 3 month scores using demographics and the acute score.

  Prediction of 3 Months Standardized β                                                                                                                                                                                           
  --------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- --------------------------------------------- ---------------------------------------------
                                                                                                                                                                                                                                  
  **Lesion size**                         -0.196[\*\*](#TFN2){ref-type="table-fn"}      0.033                                         0.232[\*](#TFN1){ref-type="table-fn"}         0.036                                         -0.061
  **Age**                                 -0.023                                        -0.139                                        -0.055                                        -0.044                                        -0.159
  **Education (years)**                   0.182[\*\*](#TFN2){ref-type="table-fn"}       0.084                                         0.157                                         0.041                                         -0.009
  **Therapy (hours)**                     -0.074                                        -0.114                                        0.010                                         -0.049                                        -0.081
  **Sub-Acute score**                     0.614[\*\*](#TFN2){ref-type="table-fn"}       0.710[\*\*](#TFN2){ref-type="table-fn"}       0.687[\*\*](#TFN2){ref-type="table-fn"}       0.856[\*\*](#TFN2){ref-type="table-fn"}       0.580[\*\*](#TFN2){ref-type="table-fn"}
  **Adjusted R²**                         **0.689**[\*\*](#TFN2){ref-type="table-fn"}   **0.637**[\*\*](#TFN2){ref-type="table-fn"}   **0.457**[\*\*](#TFN2){ref-type="table-fn"}   **0.767**[\*\*](#TFN2){ref-type="table-fn"}   **0.417**[\*\*](#TFN2){ref-type="table-fn"}
                                                                                                                                                                                                                                  
  **Model 2**                                                                                                                                                                                                                     
                                                                                                                                                                                                                                  
  **Lesion size**                         0.020                                         0.053                                         -0.205                                        -0.128                                        0.260
  **Age**                                 0.007                                         -0.122                                        -0.059                                        -0.037                                        -0.076
  **Education (years)**                   0.168[\*\*](#TFN2){ref-type="table-fn"}       0.141                                         0.203[\*](#TFN1){ref-type="table-fn"}         0.026                                         -0.057
  **Therapy (hours)**                     -0.061                                        -0.170                                        -0.087                                        -0.163                                        -0.096
  **Sub-Acute score**                     0.425[\*\*](#TFN2){ref-type="table-fn"}       0.689[\*\*](#TFN2){ref-type="table-fn"}       0.665[\*\*](#TFN2){ref-type="table-fn"}       0.773[\*\*](#TFN2){ref-type="table-fn"}       0.579[\*\*](#TFN2){ref-type="table-fn"}
  Lesion PC 1                             0.087                                         0.163[\*](#TFN1){ref-type="table-fn"}         0.710                                         0.085                                         -0.397
  Lesion PC 2                             -0.257                                        -0.062                                        0.485                                         0.055                                         -0.250
  Lesion PC 3                             -0.314[\*\*](#TFN2){ref-type="table-fn"}      -0.213                                        0.002                                         0.093                                         0.091
  Lesion PC 4                             0.066                                         0.043[\*](#TFN1){ref-type="table-fn"}         0.475                                         0.063                                         -0.250[\*](#TFN1){ref-type="table-fn"}
  Lesion PC 5                             -0.075                                        0.077                                         -0.119                                        0.059                                         -0.072
  Lesion PC 6                             -0.027                                        -0.164                                        -0.138                                        0.030                                         -0.060
  Lesion PC 7                             0.109[\*](#TFN1){ref-type="table-fn"}         0.062                                         -0.186                                        -0.064                                        0.103
  Lesion PC 8                             0.098                                         0.074                                         0.280                                         -0.195[\*\*](#TFN2){ref-type="table-fn"}      0.142
  Lesion PC 9                             0.021                                         -0.084                                        -0.010                                                                                      
  Lesion PC 10                            -0.012                                        0.191                                         -0.199                                                                                      
  Lesion PC 11                            0.058                                         0.299[\*](#TFN1){ref-type="table-fn"}         0.286                                                                                       
  **R² Change**                           **0.133**[\*\*](#TFN2){ref-type="table-fn"}   **0.072**                                     **0.098**                                     **0.040**[\*](#TFN1){ref-type="table-fn"}     **0.135**[\*](#TFN1){ref-type="table-fn"}

P\<0.05

P\<0.005
